Cosmological observations offer unique and robust avenues for probing the fundamental nature of dark matter particles-they broadly test a range of compelling theoretical scenarios, often surpassing or complementing the reach of terrestrial and other experiments. We discuss observational and theoretical advancements that will play a pivotal role in realizing a strong program of cosmological searches for the identity of dark matter in the coming decade. Specifically, we focus on measurements of the cosmic-microwave-background anisotropy and spectral distortions, and tracers of structure (such as the Lyman-α forest, galaxies, and the cosmological 21-cm signal).
Key Question: What is Dark Matter?
Observations of the Universe, from our Galactic neighborhood to the cosmological horizon, consistently testify that ∼85% of matter behaves as a cold non-collisional fluid that sources gravitational potentials and underpins structure on virtually all observable scales. Over the past decades, it has been confidently established that the main constituents of the dark matter (DM) component cannot be any known baryonic particles. The existence of DM thus implies new physics whose investigation centrally drives research at the intersection of modern astrophysics, cosmology, and particle physics.
A versatile range of laboratory experiments has been built worldwide to directly detect or produce some of the best-motivated particle candidates that could account for cosmological DM: WIMPs, WIMP-like particles, axions, etc; so far, they have no positive result. Astrophysical and cosmological observations provide the only evidence for the existence of DM and source a large portion of what is known about its properties: its stability on cosmological time scales, its apparent non-collisional nature, and its central role in the formation and growth of structure. Recently, those observations have also emerged as a powerful probe of DM microphysics, complementary in reach to laboratory experiments. We focus on cosmological searches, whose key goal is to detect the effects of DM interactions on the structure and thermal history of the Universe, and use them to pin down the particle identity of DM. Cosmology is a versatile tool that can test broad classes of theoretical scenarios; here, we focus on DM interactions with known particles (baryons, photons, and neutrinos), interactions within the DM sector itself, and DM annihilations and decays. 1 The next decade of observations will see a tremendous leap in sensitivity to each of them, in some cases, by many orders of magnitude in DM mass and interaction cross sections. Multiple observables-cosmic microwave background (CMB) anisotropy and spectral distortions, tracers of large-scale structure, and objects in our Galactic neighborhood-can all probe the same underlying microphysics throughout cosmic history, on a broad range of physical scales (Fig. 1) . Establishing a DM signal discovery and robustly testing its fundamental nature will rely on confirmation and consistency checks between different data sets. This will necessitate progress in understanding synergies between observables, and development of frameworks that enable their joint analyses to probe the same underlying DM microphysics. In addition, the DM search program with next-generation cosmological data will rely on accurate theoretical treatments of the formation and evolution of structure in non-standard cosmologies, and modeling of baryonic and other non-linear effects that present systematic uncertainties for DM parameter inference [1] [2] [3] . We summarize the future promise of cosmological measurements in search for the identity of DM, and conclude with a list of advancements that will be pivotal to their success in the coming decade.
Theory and Observations

Scattering with Baryons
In the standard model of cosmology DM is non-collisional, but elastic scattering between DM and visible particles is commonplace in some of the best-motivated DM models, including WIMPs and WIMP-like particles. For this reason, terrestrial DM searches with direct detection experiments are looking for scattering of Galactic-halo DM on nuclei in underground targets. However, the same scattering processes can occur in a cosmological setting and lead to an exchange of heat and momentum between DM and baryons (i.e.,the visible particles), absent in the standard (non-collisional) cosmology [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This can affect both the thermal history and the evolution of cosmological perturbations, captured by various observables.
CMB spectral distortions. DM can drain heat from the primordial plasma, by scattering with either protons, electrons, or photons in the early Universe [14] . Heat exchange occurring later than two months after the Big Bang cannot fully thermalize and thus leads to distortions of the CMB frequency spectrum away from a perfect blackbody [15, 16] . The CMB frequency spectrum is most sensitive to light particles that thermally decouple as early as z ∼ 2 × 10 6 . The existing COBE FIRAS measurements provide upper limits on DMbaryon and DM-photon interactions for DM masses lower than ∼ 0.1 MeV. These limits are similarly stringent but independent of those derived from CMB anisotropy from Planck. Future measurements that can detect a fractional distortion of order ∼ 10 −8 would be sensitive to interacting DM particles as massive as ∼ 1 GeV [14] . Spectral distortions in conjunction with power suppression in CMB anisotropy in future data could yield robust evidence for DM physics taking place in the very early Universe.
CMB anisotropy. DM-baryon scattering prior to recombination (z ∼ 1100) induces a drag force between the DM and baryon fluids, smoothing density fluctuations more prominently at progressively smaller scales and for stronger interactions. As perturbations grow, the lack of small-scale structure translates into an underabundance of luminous DM tracers throughout cosmic history (various tracers are illustrated in Fig. 1 ).
Planck measurements of the CMB temperature anisotropy currently provide the most pristine cosmological bound on the DM-proton scattering cross section [4] [5] [6] [7] [8] [9] . They already sensitively probe DM particles with masses outside the detection limits of most existing direct detection experiments ( 1 keV) [5] , through their interactions with baryons when the Universe was only a thousand years old. However, the first high-signal-to-noise measurements of CMB polarization and lensing on ∼arcmin angular scales-to be delivered by the nextgeneration CMB experiments-enable a leap in sensitivity to DM scattering cross sections by up to several orders of magnitude beyond Planck [17] [18] [19] [20] . Interestingly, the effects of DMbaryon interactions are distinct from other new physics targeted by future CMB experiments (e.g., the neutrino mass, etc.), and their measurement is insensitive to uncertainties on cosmological parameters. CMB anisotropy is therefore a robust probe of DM, that can be further refined with application of high-accuracy treatments of DM signals [3] . However, in spite of its robustness, the CMB has a limited grasp of small scales, where the effects of the interactions are more prominent. Small scales are accessible to other observables, but are more prone to systematic modeling and measurement uncertainties.
Lyman-α forest. For example, SDSS Lyman-α forest measurements trace the matter power spectrum on comoving scale of about 1 Mpc; their analysis set some of the most stringent to-date cosmological bounds on DM-baryon interactions [7, 21] . These bounds imply that a proton residing in a Milky-Way-like galaxy does not scatter with DM over the age of the galaxy. Future spectroscopic surveys could improve upon these limits by reconstructing even smaller scales with similar measurements. However, inference of fundamental physics from these data relies on accurate modeling of the Lyman-α forest and non-linear evolution of small scales [22] . Future joint analyses with high-precision CMB measurements and probes that have orthogonal systematic uncertainties could alleviate such issues.
21-cm cosmology. Over the coming decade, measurements of the hyperfine 21-cm line in atomic hydrogen from the cosmic Dark Ages and Reionization will likely start to probe redshifts 10 z 200, far beyond galaxy surveys. The strength of the 21-cm signal is proportional to the difference between the temperature of the gas (i.e., baryons) and of the CMB, and acts as a calorimeter, capturing the thermal history at these redshifts. If DM-baryon scattering occurs after recombination is complete, it can alter the temperature of baryons at that time. The sky-averaged signal and its fluctuations are both sensitive to this effect [23] [24] [25] [26] [27] . Such a late-time scattering scenario arises, for example, in a simple and well-motivated model whereby DM particles carry a small electric charge and exhibit Coulomb-like interactions ("millicharged" DM) [28, 29] . This scenario is challenging to test in direct detection experiments [30] , and cosmological probes like the 21-cm signal may be an optimal detection channel. However, while the field of 21-cm cosmology is rapidly advancing, measurement of the 21-cm signal is still difficult to make, and necessitates control of an overwhelming Galactic-foreground systematic uncertainty. As was demonstrated with the recent analyses of the EDGES result [31] , cross-checks with other probes will likely be essential for the interpretation of future anomalies in the 21-cm signal as new physics [32] [33] [34] .
Galaxies. Galaxies trace structure on even smaller scales, and thus hold a bold promise as a probe of DM physics [1] . Given the physical scales involved, studies of the abundances of dwarf and satellite galaxies, in particular, could unlock orders of magnitude improvement in sensitivity to DM interactions, compared to the high-redshift and large-scale probes discussed earlier. However, robust inference of fundamental physics from studies of galaxies will crucially depend on improvements in modeling and numerical simulation of their formation and evolution within cosmologies with interacting DM, and understanding of baryonic effects-a challenge that will need much attention in the coming decade [1] . 2 Observables such as galaxy clustering and weak lensing are also relevant for this discussion and could potentially test the same physics; however, they are a prime focus of other science white papers.
Scattering with Neutrinos
Neutrinos are one of the least well understood parts of the Standard Model of particle physics; indeed, non-vanishing neutrino masses require new physics to explain. In addition, terrestrial neutrino experiments and probes of astrophysical neutrinos have seen a number of anomalies that may indicate new physics [35] [36] [37] [38] [39] [40] . The idea that DM may communicate with visible matter through interactions with neutrinos is an intriguing possibility; however, laboratory tests of this scenario are currently unfeasible. Meanwhile, the high abundance of cosmological neutrinos allows for observational tests of their possible link with DM.
If neutrinos efficiently scatter with DM seconds after the Big Bang, the DM-neutrino fluid undergoes acoustic oscillations and diffusion damping, and is smoother than ordinary free-streaming neutrinos, with a smaller sound speed. CMB anisotropy captures this physics through a suppression of power and a shift of the acoustic peaks towards smaller angular scale-all used to probe DM-neutrino scattering with current CMB data [41] [42] [43] [44] . The smallscale power in matter fluctuations is also suppressed in this scenario, and can, in principle, probe even weaker interactions than the CMB; the best current bounds on the DM-neutrino scattering cross section come from Lyman-α forest observations [45] . As in the case of DMbaryon scattering, future CMB, Lyman-α, and galaxy surveys will increase the sensitivity to DM-neutrino scattering by mapping out structure on even smaller scales.
Annihilation and Decay
If DM interacts with visible particles, it may also annihilate or decay, further altering the thermal history of the Universe. If annihilation or decay products include electromagnetically interacting particles, these particles can generically heat and ionize the baryonic gas. Cosmological searches have distinct advantages over classic indirect searches for DM annihilation and decay, as they do not suffer from astrophysical backgrounds and large uncertainties in the distribution of DM in the target systems. Furthermore, they can probe processes with no detectable signals in terrestrial-scale experiments and in the local Universe; for example, decays with lifetimes comparable to the age of the Universe, and decays into invisible channels, such as neutrinos or new dark particles [46, 47] .
Increasing the ionization fraction near the time of recombination can affect the CMB anisotropy [48] [49] [50] . Planck measurements of CMB temperature and polarization anisotropy on degree angular scales provide some of the strongest and most robust bounds on annihilations and decays of sub-GeV DM, complementing indirect searches that probe heavier DM candidates [51, 52] . Measurements from the next-generation ground-based CMB experiments can improve sensitivity to DM annihilation cross section and lifetime by a factor of a few. Furthermore, as discussed in the context of DM-baryon interactions, future observations of the cosmological 21-cm signal from atomic hydrogen can sensitively track gas temperature during cosmic Dark Ages and Reionization. As such, they can capture any new energy injection from DM decays and annihilations in the post-recombination Universe, likely surpassing the sensitivity of the CMB anisotropy to the same processes [47, [53] [54] [55] [56] .
Interactions with Dark Radiation
Models in which the dark sector is complex and contains not only dark matter, but also dark radiation (DR) that interacts with DM particles, are motivated in several ways [57] : they generically arise in theories proposed to explain the hierarchy problem of the Standard Model of particles [58, 59] ; they could explain the anomalously low large-scale amplitude of matter fluctuations seen in some weak-lensing surveys [60] [61] [62] [63] ; and they are a specific case of self-interacting DM, proposed as a possible solution for putative anomalies in DM structure on sub-galactic scales [64] [65] [66] [67] . Cosmology offers a unique way to probe DM-DR interactions, especially if DM resides in a secluded sector that only weakly couples to known particles.
Similar to how photon pressure prohibits the growth of baryon fluctuations until recombination, DM interacting with DR in the early Universe experiences suppressed growth of structure, as compared to a scenario with no DR. The resulting suppression of power is captured in the CMB anisotropy and all tracers of large-scale structure (similar to the case of DM-baryon interactions): galaxy clustering, galaxy weak lensing, the Lyman-α forest, and the cosmological 21-cm signal [68] [69] [70] . Notably, cosmological signatures of DR are distinct from signatures of relativistic particles that do not couple to DM, such as the standard free-streaming neutrinos [71] [72] [73] . High-precision measurements of small-angular-scale CMB polarization anisotropy with the next-generation ground-based experiments could robustly detect or rule out DM-DR interactions taking place in the early Universe, even in the case where only a small fraction (less than 5%) of DM couples to DR. As in previous DM scenarios, other tracers of matter could probe even smaller scales, and weaker interactions.
Recommendations
The next decade of observations will open avenues to broadly probe the fundamental nature of DM in context of compelling theoretical scenarios, complementing the reach of terrestrial experiments. Many individual probes-the next-generation CMB and galaxy surveys, and 21-cm line intensity measurements-will reach sufficient raw sensitivity to potentially uncover DM signals that are invisible to the present-day searches. However, a linchpin to their robustness as probes of fundamental physics will be in their synergies: cross-validation between different data sets will be necessary to establish a discovery and measure properties of DM particles with cosmological observations. The following are all central components to realizing the full potential of this program in the coming decade:
• Observations: -Next-generation measurements of high-multipole CMB anisotropy and lensing.
-Next-generation surveys of large-scale structure (21-cm tomography, Lyman-α forest, and galaxy surveys).
-Thermal-history measurements (global 21-cm signal, CMB spectral distortions).
-Near-field cosmology (local probes of small-scale structure).
• Theory and analysis:
-High-accuracy theoretical prediction of cosmological DM signals.
-Simulation and modeling of non-linearities in novel DM cosmologies.
-Understanding of baryonic systematic uncertainties in DM-related inference.
-Frameworks for joint analyses of cosmological and other DM probes.
